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Abstract 

Porous  samples  of  composition  of  BaZro^Yox^Cb-^  were  fabricated.  Electrical  conductivity  of  porous  samples  was  measured  using  a 
4-probe  dc  method  over  a  po2  range  from  7.3  x  10~6  to  1  atm  and  over  a  temperature  range  from  500  to  800  °C.  The  results  showed  that  the 
electrical  conductivity  increases  with  increasing  p0l,  a  characteristic  of  electron-hole  conduction.  Above  p02  of  0.01  atm,  the  measured  total 
conductivity  was  fitted  to  crt  =  aj  +  fPo2>  where  o\  is  the  ionic  conductivity  and  fp qo4  is  the  electronic  (hole)  conductivity.  The  activation 
energies  were  estimated  to  be  ~0.57  d=  0.15  and  ~1.01  d=  0.04  eV  for  oxygen  ion  and  electron-hole  conduction,  respectively.  The  oxygen  ion 
transference  number  ranged  between  ~0.01  and  0.7  over  the  po2  and  the  temperature  ranges  investigated.  Electrical  conductivity  measurements 
were  also  carried  out  in  H20-containing  atmospheres.  It  was  observed  that  at  a  temperature  below  ~550  °C,  the  predominant  ionic  conduction 
was  due  to  protons. 

©  2004  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Many  perovskite  oxides,  such  as  rare  earth  oxide 
doped  BaCe03,  SrCe03,  BaZrCL,  to  name  a  few,  and 
off- stoichiometric  mixed  perovskites  such  as  Ba3Cai.i8 
Nbi. 8209-5  (BCN18),  exhibit  proton  conduction  when  ex¬ 
posed  to  a  humid  atmosphere  at  elevated  temperatures  [1-6]. 
This  property  makes  them  promising  candidates  for  a  vari¬ 
ety  of  applications,  such  as  solid  oxide  fuel  cells  (SOFCs), 
gas  sensors,  EL  separation  or  purification  membranes,  hy¬ 
drogenation/dehydrogenation  of  hydrocarbons,  etc.  [7-9].  Of 
these  materials,  the  cerate-based  oxides  and  BCN18  have 
been  shown  to  exhibit  some  of  the  highest  proton  conduc¬ 
tivities  [10].  For  example,  the  proton  conductivity  of  some 
of  the  cerate-based  materials  is  greater  than  the  oxygen  ion 
conductivity  of  8mol.%  yttria-stabilized  zirconia  (8YSZ)  at 
^650  °C  [11].  The  cerates,  however,  are  known  to  be  unsta¬ 
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ble  in  humid  or  CO2 -containing  atmospheres  at  temperatures 
below  500  °C,  a  property  which  makes  their  application  in 
SOFCs  difficult  [12-16].1  Zirconates,  on  the  other  hand,  are 
stable  in  FLO  and  CO2 -containing  atmospheres  [19].  Of  the 
zirconates  investigated  so  far,  Y-doped  BaZr03  has  been  re¬ 
ported  to  exhibit  high  proton  conductivity  and  good  chemical 
stability  [20,21]. 

Several  groups  have  investigated  electrical  conduction  in 
Y-doped  BaZr03  [11-16,19-25].  The  reported  electrical  con¬ 
ductivity  values,  however,  vary  over  a  wide  range.  For  ex¬ 
ample,  the  reported  interior  (bulk)  electrical  conductivity  of 
BaZro.9Yo.1O2.95  at  500  °C  ranges  between  ^10-7  [22]  and 
~10-2Scm-1  [21].  Electrical  conductivity  is  often  mea¬ 
sured  using  ac  impedance  spectroscopy,  especially  when  the 
objective  is  to  separate  the  grain  interior  and  grain  boundary 
conductivities.  Unambiguous  resolution  of  grain  boundary 


1  It  is  to  be  noted,  however,  that  fuel  cells  made  using  doped  BaCe03 
electrolytes  (in  dense  form)  have  been  operated  for  several  days  at  elevated 
temperatures  (typically  >700  °C)  [17,18]. 
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impedance  from  bulk  impedance,  however,  is  often  diffi¬ 
cult  due  to  overlapping  spectra.  Also,  interpretation  of  ac 
impedance  spectra  is  not  straightforward  and  must  be  based 
on  idealized  microstructure  models,  equivalent  circuit  models 
and  special  data  fitting  techniques  are  often  required.  4-Probe 
dc  method,  on  the  other  hand,  gives  an  unequivocal  measure 
of  the  total  conductivity.  Contributions  due  to  grain  interior 
and  grain  boundary,  however,  cannot  be  readily  determined 
by  this  method,  unless  measurements  are  made  on  samples 
of  several  grain  sizes,  such  has  been  done  for  rare  earth  oxide 
doped  ceria  [26].  Still,  from  a  practical  standpoint,  a  4-probe 
dc  measurement  is  the  desired  one  since  in  most  devices, 
often  it  is  the  dc  conductivity  which  is  of  interest. 

It  had  been  generally  believed  that  Y-doped  BaZrC>3  is  a 
predominantly  proton  conductor  in  humid  atmospheres.  Re¬ 
cent  work,  however,  suggests  that  significant  electron-hole 
conduction  is  present  in  both  dry  and  wet  atmospheres  at  tem¬ 
peratures  above  400  °C  [23-25].  Ionic  transference  number 
has  been  measured  using  concentration  cells  [24,25].  This 
technique,  however,  gives  an  average  value  over  the  po2  gra¬ 
dient  imposed.  It  has  also  been  shown  that  partial  conductivi¬ 
ties  due  to  oxygen  ions,  protons,  electrons,  and  electron-holes 
can  be  estimated  by  electrical  conductivity  measurements  in 
combination  with  a  defect  model  by  measuring  the  electrical 
conductivity  at  various  po2 ,  pu2Ch  and  temperatures  [27-31]. 
In  order  to  study  the  po2  -  and  the  pu2o  -dependence  of  electri¬ 
cal  conductivity  accurately,  complete  thermodynamic  equi¬ 
librium  between  the  gas  phase  and  the  solid  phase  is  nec¬ 
essary.  Dense  samples  of  thickness  ~lmm  are  often  used 
in  many  experiments.  However,  for  a  typical  diffusion  co¬ 
efficient,  D  ~  10-8  cm2  s-1,  the  characteristic  diffusion  time 
given  by  i  2 * *  /D,  where  i  is  half  the  thickness,  is  of  the  order  of 
~106  s  or  several  hundred  hours.  If  the  equilibration  kinetics 
is  governed  by  surface  kinetics,  the  corresponding  charac¬ 
teristic  time  is  £/kexc,  where  kexc  is  the  surface  exchange 
coefficient  with  units  of  cm  s-1,  and  is  often  of  the  order  of 
10-5  cm  s_1 .  This  implies  that  upon  a  change  of  atmosphere, 
long  equilibration  times  are  necessary,  which  is  impractical 
in  typical  experimental  procedures  employed,  especially  at 
low  temperatures.  Use  of  porous  samples  of  appropriate  mi¬ 
crostructures  has  been  shown  to  be  an  effective  method  of 
overcoming  such  difficulties  [32,33].  The  principle  is  that  in 
a  porous  solid,  the  effective  solid-state  diffusion  distance  is  of 
the  order  of  the  particle  size,  d ,  which  is  typically  very  small 
(a  few  microns)  such  that  the  characteristic  time  for  equili¬ 
bration  is  d2  /D,  assuming  that  the  surface  reaction  is  rapid. 
If  the  kinetics  is  governed  by  the  surface  reaction,  then  the 
characteristic  time  is  given  by  d/kQXC.  Since  the  particle  size 
in  a  porous  sample  is  much  smaller  than  the  typical  thickness 
of  a  dense  sample,  that  is,  since  d  <<C  t ,  it  is  expected  that 
equilibration  time  will  be  much  smaller  in  porous  samples. 
This  assumes  that  gas  transport  into  the  porous  interstices  is 
rapid.  If  the  pore  size  is  large  enough  such  that  gas  transport 
predominantly  occurs  by  effective  binary  diffusion,  the  char¬ 
acteristic  time  required  for  equilibration  of  the  atmosphere 
within  the  porous  sample  of  thickness  2 1  is  of  the  order  of 


£2/De ff,  where  Deff  is  the  effective  gas  diffusion  coefficient 
in  a  porous  body,  which  is  typically  >10-2  cm2  s-1,  and  is 
generally  of  the  order  of  0. 1  cm2  s_  1 .  That  is,  for  a  sufficiently 
porous  and  thin  sample,  it  can  be  assumed  that  gas  composi¬ 
tion  rapidly  equilibrates  within  the  porous  interstices.  Thus, 
the  kinetics  of  equilibration  of  the  sample  is  dictated  by  solid- 
state  diffusion  into  the  particles.  Therefore,  the  kinetics  of 
equilibration  is  expected  to  be  much  faster  in  porous  bodies 
as  compared  to  dense  samples.  For  this  reason,  in  the  present 
work,  porous  samples  of  Y-doped  BaZrC>3  were  used. 


2.  Theoretical  basis 


For  a  high  temperature  proton  conductor,  the  relevant  de¬ 
fect  reactions  may  be  written  as 


H20(gas)+Vo"  ^  00 x  +  2H* 
with  the  equilibrium  constant  given  by 

„  [Oox][H*]2 

K  w  =  - 

m2o[v0"] 

for  H2O  incorporation,  and 
502(gas)  +  Vo"  4»Oox  +  2h* 
with  the  equilibrium  constant  given  by 


[Oox]p2 

A2  [Vo“] 


for  oxygen  incorporation,  assuming  that  the  law  of  mass  ac¬ 
tion  holds  and  that  oxygen  vacancies  are  fully  ionized.  The 
concentrations  of  the  relevant  charged  species  are  governed 
by  the  electroneutrality  condition,  which  is  given  by2 


2[V0"]+H*  +  /?  =  [Y/] 


Based  on  these  equations  and  the  Nernst  relation,  one  can 
obtain  the  partial  electrical  conductivities  due  to  the  three 
carriers,  which  are  functions  of  pu2o,  Po2>  Kw,  Kjt,  and  [Y'] 
(dopant  content).  If  the  predominant  electronic  conduction 
is  by  electron-holes,  the  total  electrical  conductivity  can  be 
usually  described  by 

CTt  =  Cion  +  fPo"  (4) 

where  <Jion,  the  total  ionic  conductivity,  is  the  sum  of  oxygen 
ion  and  proton  conductivities,  /  the  pre-exponential  factor 
with  dimensions  of  conductivity,  and  n  is  typically  4  or  6, 
depending  on  the  po2  and  the  temperature  regime.  In  a  dry 

atmosphere,  a  plot  of  cr{  versus  p q  is  expected  to  yield  the 
partial  conductivities  due  to  oxygen  ions  and  electron-holes. 


2  Here,  only  the  high  /?o0  regime  is  considered,  such  that  electron  con¬ 

centration  can  be  ignored.  If  the  po0  is  low  such  that  electron  concentration 

cannot  be  ignored,  it  will  have  to  be  included  in  the  electroneutrality  condi¬ 

tion. 
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In  H20-containing  atmospheres,  such  a  plot  allows  one  to 
determine  the  proton  conductivity. 


3.  Experimental  procedure 

3.1.  Materials  synthesis,  characterization,  and  sample 
preparation 

Powder  of  composition  BaZr0.93Y0.07O3 -5  was  synthe¬ 
sized  by  calcining  a  powder  mixture  of  BaC03,  ZrC>2,  and 
Y2O3  at  1400  °C  for  4h.  The  calcined  powder  was  mixed 
with  fine  carbon  powder  of  particle  size  10-20  pan  and  ball- 
milled,  and  bars  were  die-pressed,  isostatically  pressed  under 
a  pressure  of  ~2000  kg  cm-2,  followed  by  sintering  in  air  at 
1650  °C  for  10  h. 

The  as-sintered  sample  was  characterized  by  X-ray 
diffraction  (XRD)  with  Cu  Ka  radiation.  The  micro  structure 
of  the  fractured  surface  of  a  sintered  sample  was  character¬ 
ized  using  scanning  electron  microscopy  (SEM).  The  appar¬ 
ent  density  of  the  sintered  sample  (porous)  was  measured 
using  the  Archimedes  method  [34] . 

Platinum  paste  was  painted  on  porous  samples  to  form 
four  contacts  in  the  form  of  strips.  Four  platinum  wires  were 
attached  to  each  sample  to  form  four  leads  for  4-probe  dc 
measurements. 

3.2.  Conductivity  measurement 

The  conductivity  was  measured  using  a  4-probe  dc  method 
described  in  detail  elsewhere  [32]. 

Initially,  the  sample  was  heated  to  ~900  °C  in  dry  air  and 
the  sample  was  maintained  at  temperature  for  over  5h  to 
minimize  the  background  H2O  content  in  the  sample.  Then 
the  sample  was  heated  to  the  desired  temperature  in  flowing 
dry  air.  Once  the  temperature  stabilized,  the  conductivity  was 
continuously  monitored  for  a  time  long  enough  to  ensure  that 
a  stable  value  was  attained.  The  atmosphere  in  the  chamber 
was  then  changed  to  a  different  po2 ,  and  the  procedure  was 
repeated. 

In  order  to  investigate  the  effect  of  partial  pressure  of  water 
vapor,  the  desired  pu2o  was  obtained  by  passing  a  carrier  gas 
(dry  air  or  dry  N2)  through  a  water  bubbler  maintained  at  the 
appropriate  temperature. 


4.  Results 

Fig.  1  shows  an  X-ray  diffraction  (XRD)  pattern  of  an 
as-sintered  BaZr0.93Y0.07 03-5  sample,  which  corresponds 
to  a  simple  cubic  structure.  The  lattice  constant  determined 

o 

from  the  peak  at  20  =  30°  is  a  =  4. 1 9 1 4  A.  For  the  composition 
BaZr0.93Y0.07O2.965,  the  theoretical  density  is  calculated  to 
be  6.222  g  cm-3.  The  apparent  density  of  the  porous  sample 
was  measured  to  be  3.593  g  cm-3.  Accordingly,  the  porosity 
of  the  sample  is  ^42.3  vol.%. 
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Fig.  1.  X-ray  diffraction  pattern  of  an  as-sintered  BaZr0.93Y0.07 03-5 
sample. 
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Fig.  2  is  an  SEM  micrograph  of  the  fracture  surface 
of  a  typical  porous  sample  used  in  this  work.  The  In¬ 
set  is  a  micrograph  at  a  higher  magnification.  The  typ¬ 
ical  particle  and  pore  sizes  are  of  the  order  of  a  few 
microns. 

Fig.  3  shows  the  time  dependence  of  the  normalized  elec¬ 
trical  conductivity,  defined  as 


cr(t)  -  or(O) 
<7(00)  —  cr(0) 


where  cx(0),  o(t)  and  <7(00)  are,  respectively,  the  initial  con¬ 
ductivity,  the  conductivity  at  time  ‘f  after  the  change  to  a 
new  atmosphere,  and  the  conductivity  after  equilibration  at 
the  new  atmosphere,  during  H2O  incorporation  and  O2  des¬ 
orption  by  a  porous  BaZro.93Yo.o703_<$  sample.  It  is  seen 
that  at  500  °C,  it  takes,  respectively,  3  and  40  min  for  the 
porous  material  to  attain  equilibrium  with  new  pn2o  and  new 
Po2  • 

The  conductivity3  was  measured  on  a  porous  sample 
of  nominal  dimensions  2.36  mm  x  10.64  mm  x  47  mm  as  a 
function  of  po2  at  several  temperatures.  First,  the  sample 
was  exposed  to  pure  oxygen  ( po2  =  1  atm)  at  800  °C  for  a 
sufficiently  long  time  to  ensure  that  the  conductivity  attains 
a  stable  value.  The  stable  value  was  recorded  as  that  corre¬ 
sponding  to  the  equilibrium  conditions.  With  the  temperature 
fixed  at  800  °C,  the  same  procedure  was  repeated  in  O2-N2 
gas  mixtures  at  subsequently  lower  values  of  po2 ,  specifi- 
cally,  2.1  x  KT1,  5  x  10“2,  1  x  KT2,  2  x  10“3,  "l  x  10“3, 
5  x  10  5,  and  7.3  x  10  6  atm.  Subsequently,  the  tempera¬ 
ture  was  decreased  to  700,  600,  550,  and  500  °C  and  at  each 
temperature,  the  conductivity  corresponding  to  equilibrium 
conditions  was  measured  at  each  of  the  po2  levels  stated 
above.  The  collected  data  at  each  temperature  are  plotted  as  a 
function  of  po2  on  a  log-log  scale  in  Fig.  4(a).  It  is  seen  that 
log(a)  increases  with  increasing  log(j9o2 )  and  the  dependence 
is  linear  for  po2  >0.01  with  slopes  close  to  1/4.  The  data  for 

Po2  >0.01  were  then  fitted  to  <7t  =  <jq  +  fPo2’  an<^  a{ 


3  In  the  following,  conductivity  means  total  conductivity. 
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Fig.  2.  An  SEM  micrograph  of  the  fractured  surface  of  a  porous  BaZro.93  Y0.07O3-S  sample. 


1/4 

plotted  versus  p q  in  Fig.  4(b).  Fitting  result  in  values  of  go 

as  2.06  x  10“5,  2.07  x  1(T5,  2.03  x  1(T5,  4.12  x  1(T5,  and 
1.79  x  10~4,  and  values  for /as  9.15  x  10-5,  3.42  x  10~4, 
6.95  x  10~4,  2.56  x  10-3,  and  5.79  x  10-3  corresponding, 
respectively,  to  500,  550,  600,  700,  and  800  °C.  log(Tcxo) 
and  log(7/)  are  plotted  versus  1  IT  in  Fig.  5.  Assuming  the 
electrical  conductivities  can  be  described  by 


where  A  is  a  pre-exponential  factor  independent  of  tempera¬ 
ture  T,  the  data  were  fitted  to  straight  lines  (Arrhenius  fit).  The 
activation  energy,  £a,  and  pre-exponential  factor,  A,  were  then 
extracted  from  the  plots,  namely,  £a  =  0.57±0.15eV  and 
A  =  55  for  oxygen  ion  conduction,  and  £a  =  1.01  db  0.04  eV 
and  A  =  782305  for  electron-hole  conduction,  respectively. 


Fig.  3.  Electrical  conductivity  relaxation  during  H2O  incorporation  and  O2 
desorption  by  a  porous  BaZro.93  Yq.07O3_§  sample. 
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Fig.  4.  (a)  Total  conductivity  as  a  function  of  po2  (on  a  log-log  scale)  at 
five  different  temperatures  measured  in  F^O-free  atmospheres  and  (b)  total 
conductivity  as  a  function  of  p^at  five  different  temperatures  measured  in 
F^O-free  atmospheres. 
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Fig.  5.  log(7br0)  and  log(TJ)  vs.  1  IT  for  the  estimation  of  activation  ener¬ 
gies  for  oxygen  ion  conduction  and  electron-hole  conduction.  The  resultant 

expressions  are  oo  =  y  exP  (—  ana  /  =  782^05  exp  Fill  ^ . 

Accordingly,  the  expressions  obtained  are 
55  (  6612\ 

a°  =  T  exp  \  / 

1 1715  \ 

f  / 

The  oxygen  ion  transference  number,  to  =  cro/<rt,  was  cal¬ 
culated  based  on  the  <jo  obtained  above,  and  the  results  at  500 
and  700  °C  are  plotted  as  a  function  of  po2  in  Fig.  6.  Over 
the  jPo2range  from  7.3  x  10~6  to  1  atm,  oxygen  ion  trans¬ 
ference  number  decreases  from  ^0.7  to  ^0.1  at  500  °C  and 
from  ~0.2  to  M101  at  700  °C. 

In  Fig.  7,  log(7a)  is  plotted  versus  1  IT  for  po2  =  7.3  x 
10-6  and  1  atm,  respectively.  Fitting  to  straight  lines  yields 
two  activation  energies,  specifically  0.81  and  1.01  eV,  corre¬ 
sponding  to  po2  =  7.3  x  10-6  and  1  atm,  respectively. 

The  conductivity  was  also  measured  at  various  pu2o  and 
at  500  and  700  °C.  Figs.  8  and  9  show  the  time-dependent 
(total)  conductivity  at  500  and  700  °C  over  a  pu2o  range 
from  0.006  to  0.47  atm.  The  sample  was  initially  exposed 


782305 

and  /  =  — — —  exp 


1/T,  (K*1) 


Fig.  7.  Iog(7b0  vs.  1  IT.  (■)  po 2  =  7.3  x  10  6  atm  and  (Q)  Po2  —  1  atm- 


Fig.  8.  Total  conductivity  vs.  time  for  dry-wet-dry  cycles  corresponding  to 
various  /?HoO  at500°C. 

to  dry  air  with  the  corresponding  stable  value  of  conduc¬ 
tivity  being  x  10~5  Scm-1  at  500  °C.  The  atmosphere 
was  then  abruptly  changed  from  dry  air  to  humid  air  with 
Ph2o  =  0.006  atm.  When  the  conductivity  reading  became 
stable,  the  atmosphere  was  changed  from  humid  air  back 
to  dry  air.  Similar  dry-wet-dry  cycles  were  repeated  at 


Fig.  6.  Oxygen  ion  transference  number  vs.  po2 .  (■)  500  °C  and  (O) 
700  °C. 


Fig.  9.  Total  conductivity  vs.  time  for  dry-wet-dry  cycles  corresponding  to 
various  /?HoO  at700°C. 
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Fig.  10.  Total  conductivity  vs.  (□)  500  °C  and  (■)  700  °C. 

subsequently  increasing  pu2o.  Fig.  8  shows  that  the  con¬ 
ductivity  increases  with  increasing  pu2o  at  500  °C.  Similar 
experiments  were  carried  out  at  700  °C  (Fig.  9),  where  in  dry 
air,  the  corresponding  conductivity  was  ^2  x  10  3Scm  1 . 
As  seen  in  Fig.  9,  the  conductivity  decreases  with  increasing 
pn2o  at  700  °C.  Stable  values  of  conductivity  are  plotted  ver¬ 
sus  pu2o  in  Fig.  10  for  both  temperatures.  The  data  were  fit¬ 
ted  to  empirical  expressions  (<rwet  —  o^ry)  =  0.002 p^o  and 

(<Twet  —  <Tdry)  =  — 0.00094 p^o  at  500  and  700  °C,  respec¬ 
tively. 

Conductivity  was  measured  over  a  temperature  range  from 
400  to  800  °C  in  dry  air  and  wet  air  (p h2o  ~  0.025  atm), 
respectively.  The  results  are  plotted  in  Fig.  1 1.  It  is  seen  that 
the  data  for  wet  and  dry  air  crossover  at  ~550°C;  above 
550  °C,  the  conductivity  in  dry  air  is  larger,  while,  below 
^550  °C,  the  conductivity  in  wet  air  is  larger.  Also  shown  in 
the  figure  are  data  from  Katahira  et  al.  [25]. 

Conductivity  was  also  measured  in  dry  N2  (po2  ~ 
0.001  atm)  and  wet  N2  (pu2o  0.025  atm),  respectively,  over  a 
temperature  range  from  500  to  800  °C;  and  the  corresponding 
data  are  also  shown  in  Fig.  11.  It  is  seen  that  the  conductiv¬ 
ity  in  wet  N2  is  higher  than  that  in  dry  N2  over  the  whole 
temperature  range. 
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Fig.  11.  Total  conductivity  (log  scale)  vs.  1  IT.  (□)  Dry  air,  po 2  =  0.21  atm; 
(■)  wet  air,  pu^o  =  0.025  atm;  (A)  wet  N2,  po 2  =  0.001  atm,  pu^o  = 
0.025  atm;  (x)  dry  N2,  pon  =  0.001  atm  and  (0)  data  of  Katahira  et  al. 
on  a  dense  material,  wet  air,  /?HoO  =  0.017  atm  [25]. 


5.  Discussion 

5.7.  Porous  material  versus  dense  material 

Our  previous  work  has  demonstrated  that  porous  sam¬ 
ples  of  B a3  Ca  1 . 1 8 Nb  1 . 82  09_ 5  (B CN 18)  exhibit  similar  depen¬ 
dency  of  electrical  conductivity  on  po2 ,  pu2o,  and  tempera¬ 
ture,  as  do  dense  samples,  and  magnitudes  are  also  essentially 
the  same  when  corrected  for  porosity  [33] .  In  BCN 1 8  samples 
used  in  the  earlier  work,  the  typical  particle  and  pore  sizes 
were  of  the  order  of  a  few  microns.  As  such,  the  total  number 
of  surface  atoms,  relative  to  those  in  the  bulk,  was  negligible. 
For  this  reason,  the  main  differences  between  the  conduc¬ 
tivities  of  porous  samples  and  dense  samples  are  related  to 
geometry;  i.e.,  the  pore  volume  fraction  and  particle  morphol¬ 
ogy.  Thus,  apart  from  a  geometric  correction  factor,  the  mea¬ 
surement  of  conductivity  of  porous  bodies  yields  the  same 
basic  information  as  does  the  measurement  on  dense  bodies. 
The  same  behavior  is  expected  for  porous  BaZr0.93Y0.07O3 -5 
samples  used  in  this  study.  That  is,  the  surface  area  introduced 
by  porosity  should  have  negligible  effect  on  the  properties  of 
the  porous  material,  as  influenced  for  example,  by  adsorp¬ 
tion  of  O2  or  H2O.  Based  on  the  micro  structure  shown  in 
Fig.  2,  the  maximum  possible  amount  of  H2O  adsorbed  on 
surface  is  estimated  to  be  less  than  3%  of  the  amount  of  H2O 
dissolved  in  the  bulk  at  a  j9h2o  0.025  atm  and  T=700°C. 
Thus,  the  effect  of  possible  adsorbed  species  on  the  surfaces 
of  pores  can  be  ignored,  and  the  measurement  of  conductiv¬ 
ity  of  porous  bodies  yields  essentially  the  same  information 
as  the  measurement  on  dense  bodies — apart  from  a  geomet¬ 
ric  factor.  The  use  of  porous  bodies,  on  the  other  hand,  has 
important  implications  from  the  standpoint  of  the  kinetics  of 
equilibration — and  thereby  the  establishment  of  equilibrium 
conditions  in  a  reasonable  period  of  time. 

Fig.  3,  for  example,  shows  that  in  the  porous 
BaZro.93Yo.0703-5  sample  at  500°C,  H2O  incorporation  re¬ 
quired  ~3  min  to  attain  equilibrium,  while  O2  desorption  re¬ 
quired  ~40min.  The  typical  particle  and  pore  sizes  are  of 
the  order  of  a  few  microns  (^10  pm).  Gas  transport  in  and 
out  of  the  porous  interstices  can  be  shown  to  be  very  fast,  as 
the  effective  O2-N2  diffusion  coefficient  for  gaseous  trans¬ 
port  through  porous  bodies  with  porosity  ^30-40%  is  typ¬ 
ically  of  the  order  of  ~0.1  cm2  s-1.  By  contrast,  solid-state 
transport  into  the  particles  is  expected  to  be  much  slower. 
Thus,  assuming  transport  by  diffusion4  into  the  particles  of 
the  material  is  the  rate-limiting  step,  the  time  required  for 
this  step  is  approximately  proportional  to  x2/D ,  where  v  is 
the  smallest  dimension  of  the  sample,  and  D  refers  to  the 
chemical  diffusion  coefficient  of  the  diffusing  species  in  the 
material  (here  either  of  O2  (or  O)  or  H2O,  depending  upon 
the  atmosphere).  For  a  dense  BaZr0.93Y0.07  03-5  sample  of 
1  mm  (1000  pm)  thickness,  the  time  required  to  attain  equi¬ 
librium  would  be  (1000  pm/ 10  |jim)  =  104  times  larger  than 


4  If  surface  exchange  is  the  limiting  step,  the  time  required  will  be  propor¬ 
tional  to  x/kexc . 
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the  time  required  by  the  porous  sample  used  in  this  study,  that 
is,  ^8  h  for  H2O  incorporation  or  ~1 1 1  h  for  O2  desorption. 
Clearly,  the  attainment  of  equilibrium  conditions  in  a  reason¬ 
able  time,  when  using  a  dense  sample  of  ~1  mm  thickness, 
is  not  expected.  For  this  reason,  porous  samples  were  used 
in  the  present  work.  Faster  kinetics  of  H2O  uptake  (~3  min) 
compared  to  relatively  slow  O2  desorption  (^40  min)  sug¬ 
gests  that  Dh2o  must  be  greater  than  Do. 

5.2.  Conductivity  in  a  dry  atmosphere 

5.2.1.  po2  Dependence 

Fig.  4(a)  shows  that  the  conductivity  increases  with  in¬ 
creasing  po2  at  each  of  the  temperatures  examined,  a  char¬ 
acteristic  of  electron-hole  conduction.  For  po2  >  0.01  atm, 

the  conductivity  can  be  satisfactorily  described  by  crt  =  cr o  + 

1/4 

fPo2  (Fig.  4(b)).  For  po2  <  0.01  atm,  the  po2 -dependence  of 
conductivity  exhibits  smaller  slopes.  These  findings  are  con¬ 
sistent  with  the  observations  by  others  [23,24]  on  dense  sam¬ 
ples  ofBaZro.9Yo.i03-5  over  a  similar  temperature  range. 

5.2.2.  Oxygen  ion  transference  number 

Ionic  transference  number  is  a  measure  of  the  relative  con¬ 
tribution  of  ionic  conduction  to  the  total  electrical  conduction. 
It  is  observed  in  Fig.  6  that  the  oxygen  ion  transference  num¬ 
ber,  to,  depends  not  only  on  temperature  but  also  on  po2  in 
such  a  way  that  to  decreases  with  increasing  T  and  increasing 
po2 .  The  PO2  "dependence  is  readily  understandable  from  re¬ 
action  (2),  while,  the  T-dependence  of  to  is  attributed  to  the 
endothermic  nature  of  the  oxygen  incorporation  reaction  (Eq. 
(2)).  For  materials  such  as  Y-doped  BaZr03,  the  oxygen  va¬ 
cancy  concentration  is  dominated  by  the  dopant  level  ([Yr]), 
and  the  electron-hole  concentration  is  dominated  by  reaction 
(2).  In  this  situation,  the  oxygen  vacancy  concentration  is  ap¬ 
proximately  independent  of  temperature  and  po2  over  a  wide 
range,  while  the  electron-hole  concentration  increases  with 
increasing  temperature. 

5.2.3.  Temperature  dependence 

The  electrical  conductivity  due  to  an  ionic  charge  carrier 
is  usually  described  by 


where  A,  the  pre-exponential  factor,  is  a  function  of  con¬ 
centration  and  vibrational  frequency  of  the  charge  carrier.  In 
many  oxides,  the  motion  of  electron-holes  occurs  by  hopping 
and  is  thermally  activated,  unlike  the  motion  of  free  electrons 
or  electron-holes  in  semiconductors.  Therefore,  the  preced¬ 
ing  expression  also  applies  to  electron-hole  conductivity.  In 
the  previous  section,  activation  energy  of  ~0.57  ±0.15eV 
was  determined  for  oxygen  ion  conduction,  which  is  much 
lower  than  the  value  ~1.1  ±0.1  eV  measured  for  the  grain 
interior  of  dense  BaZro.9Yo.i03_<5  by  Bohn  et  al.  [23].  Such 
a  difference  is  not  surprising  in  that  the  value  in  reference 


[23]  was  obtained  over  a  lower  temperature  range  and  using 
ac  impedance  spectroscopy.  It  is  to  be  noted  that  activation 
energy  values  of  0.46  and  0.54  eV  were  obtained  for,  respec¬ 
tively,  BaTh03  [29]  and  BCN18  [33],  which  are  of  the  same 
order  of  magnitude  as  in  the  present  work.  For  electron-hole 
conduction,  activation  energy  of  ~  1 .01  ±0.04eV  was  ob¬ 
tained  in  this  study  (Fig.  5),  which  consists  of  two  contri¬ 
butions,  specifically,  the  activation  energy  associated  with 
the  motion  of  electron-holes  and  the  enthalpy  for  the  for¬ 
mation  of  one  electron-hole  from  oxygen  incorporation  re¬ 
action  as  shown  by  Eq.  (2).  Usually  the  activation  energy 
for  electron-hole  motion  is  of  the  order  of  ~0.1  eV.  Thus 
the  enthalpy  for  reaction  (2)  is  estimated  to  be  of  the  or¬ 
der  of  ~1.8eV.  In  Fig.  7,  the  slope  of  log(7a)  versus  1  IT 
exhibits  dependence  upon  po2 .  At  po2  =  1  atm,  when  the 
electrical  conduction  is  dominated  by  electron-hole  conduc¬ 
tion  (4  >0.9),  an  activation  energy  of  1.01  eV  is  obtained, 
which  is  consistent  with  the  result  shown  in  Fig.  5.  At 
po2  =  7.3  xlO-6  atm,  by  contrast,  a  smaller  slope  is  ob¬ 
served,  resulting  in  a  lower  activation  energy  of  ~0.81  eV. 
At  this  PO2  ’  the  to  varies  from  0.1  to  0.7  depending  on  tem¬ 
perature,  indicating  that  electrical  conduction  changes  from 
predominantly  electron-hole  conduction  to  predominantly 
oxygen  ion  conduction  with  decrease  in  po2  from  1  atm  to 
7.3  x  10-6  atm.  Presumably,  at  a  sufficiently  low  po2 ,  oxy¬ 
gen  ion  conduction  is  substantial  over  the  temperature  range, 
and  the  slope  of  log(Tcr)  versus  1  IT  should  be  closer  to  the 
activation  energy  for  oxygen  ion  conduction.  The  observa¬ 
tion  that  the  estimated  activation  energy  corresponding  to 
Po2  =  7.3  x  10-6  atm  is  0.81  eV  is  consistent  with  this  ex¬ 
pectation.  That  is,  at  a  po2  of  7.3  x  10-6  atm,  there  is  a  sig¬ 
nificant  contribution  from  both  electron-holes  and  oxygen 
ions  to  total  conduction  over  the  temperature  range  studied. 
Therefore,  the  value  0.57  db  0.15  eV  for  oxygen  ion  transport 
appears  to  be  reasonable. 

From  the  obtained  values  for  Ea  and  A,  the  total  electrical 
conductivity  in  dry  atmosphere  may  be  described  by 

55  /  6612\  782305  /  11715\  i/n 

a=yexp^ - —  j  4  —  exp  ^ - —  Jp02  (6) 

where  n  depends  on  the  p o2  range,  and  is  ~4  for  po2  > 
0.01  atm.  For  a  dense  material,  a  correction  for  porosity  must 
be  made  to  the  above  expression. 

5.3.  Conductivity  in  wet  atmosphere 

When  a  proton  conductor  is  exposed  to  a  humid  atmo¬ 
sphere,  H2O  is  incorporated  into  the  material  to  fill  up  oxy¬ 
gen  vacancies,  and  as  a  result,  the  concentrations  of  oxygen 
vacancies  and  electron-holes  decrease  and  that  of  protons 
increases.  Concurrently,  proton  conductivity  increases  at  the 
expense  of  oxygen  ion  and  electron-hole  conductivities.  The 
total  conductivity,  however,  can  either  increase  or  decrease, 
depending  on  the  magnitudes  of  the  governing  parameters 
for  the  conductivities  due  to  each  type  of  charge  carrier.  For 
BCN18,  a  mixed  oxygen  ion  and  electron-hole  conductor  in 
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dry  air,  the  total  conductivity  increases  with  the  absorption 
of  H2O  at  temperatures  up  to  800  °C  [32].  Unlike  BCN18, 
the  total  conductivity  of  BaZr0.93Y0.07O3 -5  decreases  with 
increasing  pn2o  above  550  °C,  and  increases  with  increas¬ 
ing  joh2o  below  550  °C.  Similar  behavior  was  observed  in 
BaTh03  [29,30].  Such  a  behavior  can  be  generally  attributed 
to  the  fact  that  electron-hole  conductivity  exhibits  stronger 
dependence  on  temperature  and  po2  compared  to  proton  con¬ 
ductivity.  Consequently,  the  increase  in  proton  conductivity 
is  less  than  the  decrease  in  electron-hole  conductivity  at  ele¬ 
vated  temperatures  or  high  po2  while  the  increase  in  proton 
conductivity  exceeds  the  decrease  in  electron-hole  conduc¬ 
tivity  at  lower  temperatures  or  lower  po2.  It  is  seen  from 
Fig.  1 1  that  the  electrical  conductivity  in  wet  air  exceeds  that 
in  dry  air  at  T  <  550  °C,  which  almost  doubles  at  500  °C, 
and  is  about  four  times  at  400  °C.  This  indicates  that  proton 
conduction  predominates,  i.e.,  tu  >  0.5,  in  wet  air  at  temper¬ 
atures  below  500  °C.  Under  similar  conditions,  by  contrast, 
tu  of  less  than  0.03  was  obtained  using  concentration  cells 
[24] .  The  origin  for  the  discrepancy  is  unclear.  It  is  possible 
that  equilibrium  conditions  were  not  achieved  when  dense 
samples  were  used,  such  as  in  the  work  reported  in  [24]. 

For  the  purposes  of  comparison,  the  total  conductivities 
of  dense  BaZro.9Yo.i03_«$  reported  by  Katahira  et  al.  [25] 
are  plotted  in  Fig.  11.  It  is  seen  that  the  data  in  wet  air  ob¬ 
tained  in  this  work  are  smaller  by  a  factor  of  ~10  for  all  the 
temperatures  compared.  Taking  into  account  the  factors  of 
porosity  and  differences  in  dopant  levels,  the  present  result 
is  qualitatively  comparable  to  those  by  Katahira  et  al.  [25]. 
This  agreement  further  demonstrates  that  porous  and  dense 
samples  of  BaZro.93  Yo.o703_<$  exhibit  similar  dependency  of 
electrical  conductivity  on  po2,  pn2o  and  temperature,  cor¬ 
rected  for  porosity.  As  the  kinetics  of  equilibration  are  con¬ 
siderably  more  rapid  in  porous  samples,  it  is  expected  that  the 
results  obtained  in  the  present  work  are  closer  to  equilibrium 
values  than  those  obtained  on  dense  samples,  especially  at 
lower  temperatures. 

6.  Summary 

Porous  BaZr0.93Y0.07 03-5  samples  with  ~42.3vol.% 
porosity  were  fabricated  and  the  electrical  conductivity  was 
investigated  using  a  4-probe  dc  method  as  a  function  of 
po2,  pn2Ch  and  temperature.  Use  of  porous  materials  facil¬ 
itates  rapid  equilibration  with  the  gas  phase,  e.g.,  with  oxy¬ 
gen  and  H2O.  Timed  data  acquisition  ensured  the  measure¬ 
ment  of  electrical  conductivities  corresponding  to  equilib¬ 
rium  conditions  at  various  oxygen  and  H2O  partial  pressures. 
Based  on  prior  work  on  porous  and  dense  BCN18,  it  is  ex¬ 
pected  that  results  on  porous  BaZr0.93Y0.07 03-5  corrected 
for  porosity  should  exhibit  similar  dependency  of  electrical 
conductivity  on  po2,  Ph2o>  and  temperature  as  the  dense 
samples.  Measurements  corresponding  to  equilibrium  con¬ 
ditions,  however,  are  generally  not  possible  due  to  slow  ki¬ 
netics,  especially  at  low  temperatures.  Partial  electrical  con¬ 


ductivities  due  to  oxygen  ions  and  electron-holes  were  deter¬ 
mined  over  the  temperature  range  from  500  to  800  °C.  The 
activation  energies  were  determined  to  be  ^0.57  ±0.15  and 
— '1.01  ±0.04eV  for  oxygen  ion  and  electron-hole  conduc¬ 
tion,  respectively.  Also,  the  oxygen  ion  transference  number 
ranged  between  ~0.01  at  po2  =  1  atm  and  700  °C  to  ^0.7 
at  po2  =  7.3  x  10_6atm  and  500  °C.  Electrical  conductiv¬ 
ity  measurements  were  also  carried  out  in  FUO-containing 
atmospheres,  which  showed  predominantly  proton  conduc¬ 
tion  at  temperatures  below  500 °C.  In  addition,  po2-  and 
Ph2o -dependence  of  the  electrical  conductivity  indicates  that 
BaZro.93  Yo.o703_5  is  a  possible  candidate  as  a  conductimet- 
ric  sensor  for  oxygen  or  humidity. 
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